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Description 

FORTIFIED, COMPENSATED AND 
UNCOMPENSATED PROCESS-SENSITIVE 
SCATTEROMETRY TARGETS 

Background of Invention 

[0001] The present invention relates to the measurement of fea- 
tures that are patterned by photolithographic techniques, 
and more particularly to such measurement using scat- 
terometry. 

[0002] a variety of articles such as integrated circuits and micro- 
electromechanical machines have micro-scale and nano- 
scale structures that are patterned on a substrate or wafer 
by photolithographic techniques. Such structures have 
critical dimensions ranging in size from tens of nanome- 
ters to a few hundred nanometers and single microns. 
Critical dimensions are structural details in a product that 
have been identified as key to monitoring and controlling 
the manufacturing process. The structural detail is re- 
quired to be within a certain range or tolerance of a de- 



sign size. Failure of the structural detail measurement to 
be within tolerance of the design size initiates corrective 
actions such as rework and process control parameter 
change. 

[0003] when fabricating such nano- and micro-scale structures, 
measurements of critical dimensions must be taken at 
several stages during fabrication. In this way, the results 
of prior processing are measured and checked against 
tolerances to determine if acceptable. If the results of 
prior processing are not acceptable, the wafer is removed 
from the manufacturing line, before additional process 
steps are performed and costs incurred. Actions are then 
applied to the manufacturing line to correct process prob- 
lems. 

[0004] A n existing metrology technique for performing such 
measurements is known as critical dimension scanning 
electron microscopy ("CDSEM"). CDSEM is a dominant 
metrology technique used in semiconductor and other 
nano-scale manufacturing. In CDSEM, a beam of electrons 
having a spot size of a few nanometers (typically five to 
10 nm) is scanned in a raster pattern across the surface of 
a sample to be imaged. The electrons of the beam striking 
the surface cause secondary electrons to be given off from 



the sample. A detector of the scanning electron micro- 
scope picks up a signal representative of the secondary 
electrons, which is then processed to drive a display which 
is raster scanned in unison with the electron beam. The 
resolution of CDSEM depends upon a number of factors 
including the spot size of the electron beam on the sam- 
ple. 

[0005] CDSEM is an expensive measurement technique. CDSEM is 
expensive because electron microscopes require electron 
sources and focusing elements that are orders of magni- 
tude more expensive than optical systems that use light. It 
also has insufficient throughput to operate on more than 
a handful of wafers that are pulled from the manufactur- 
ing line as samples representative of the manufacturing 
process. 

[0006] a disadvantage of CDSEM is that only features on the sur- 
face of a sample can be imaged because the electron 
beam does not penetrate beneath the surface. When fea- 
tures below the surface of a sample are to be measured, 
other instruments must be used. CDSEM is one of a class 
of instruments known as a reference measurement system 
(RMS). Other RMS instruments include CDAFM, cross sec- 
tion SEM, and other metrology instruments. CDAFM is an 



atomic force microscope designed to make critical dimen- 
sion measurements. Cross section SEM is a specially de- 
signed scanning electron microscope system used to im- 
age and measure a patterned wafer in cross section. When 
a buried structure of a wafer is measured by cross section 
SEM, the wafer is cleaved, i.e., intentionally fractured 
along a lattice boundary of the semiconductor crystal. The 
cleft exposes critical dimension features for measure- 
ment, and an electrographic image is taken of the feature. 
Cross section SEM operates destructively. After the wafer 
is cleaved, it cannot be processed further in the manufac- 
turing line, and thus the wafer is rendered unusable. 
[0007] The speed of a metrology system is generally defined in 
terms of move acquire measure (MAM) time. The MAM 
time includes: a) the time required to move the article to 
be measured from one measurement location to another; 

b) to locate the new site to be measured (which may ne- 
cessitate acquiring an image for pattern recognition); and 

c) to take the measurement. CDSEM provides a longer 
than desirable MAM time. CDSEM requires the sample to 
be placed in a high vacuum with the CDSEM tool. There- 
fore, each time a wafer is imaged, the tool must be 
brought to atmospheric pressure to permit the wafer to be 



loaded into a chamber housing the tool and wafer, and 
the chamber must then be pumped to a high vacuum, 
typically 10~ 7 torr or less. In addition, the constraints of 
electron beam imaging force CDSEM measurements to be 
taken over a relatively small area of the wafer. Because of 
that, the measurement from just one location of a wafer 
may not be generally representative of prior processing. 
Therefore, CDSEM tools typically take several measure- 
ments from different locations of the wafer, e.g. five loca- 
tions, and take the average of the measurements as being 
representative of prior processing. Thus, the MAM time 
per wafer for a CDSEM tool requires load and unload time 
for placing the wafer in the vacuum with the tool, and the 
time for taking the measurements at the required number 
of different locations (e.g. five) of the wafer. 
[0008] CDSEM provides an appropriate basis for comparing the 
accuracy and precision of other measurement systems, as 
well as cost-of-ownership ("COO"). Cost of ownership 
("COO") is defined as the total cost of using an instrument 
or process in manufacturing. Key elements in determining 
the COO are equipment purchase and maintenance cost, 
and throughput in using the equipment. For metrology in- 
struments, throughput depends on several factors includ- 



ing the MAM time, and the number of locations of the 
wafer to be measured. CDSEM, while providing adequate 
measurement accuracy and precision, has less than desir- 
able COO. As mentioned above, electron beam imaging 
systems are very costly to purchase and maintain. In addi- 
tion, throughput is undesirably low, for the reasons dis- 
cussed above making the cost per wafer high for using 
the tool. 

[0009] Scatterometry now provides an acceptable alternative to 
CDSEM for measuring micro-scale and nano-scale fea- 
tures that are formed by photolithographic techniques. 
Scatterometry is an optical measurement technique that is 
both nondestructive and which can operate in-line, with- 
out requiring wafers to be taken out of the manufacturing 
line. Scatterometry operates by measuring the character- 
istics of light or other radiation that diffracts or "scatters" 
off a grating, the grating being representative of features 
of the wafer to be measured. Such grating, also called a 
"target", typically has lines of dimensions comparable to a 
critical dimension of the features. 

[0010] until recently, the calculations required by scatterometers 
to analyze the return signal in relation to the critical di- 
mension were too computationally intensive to perform 



with acceptable MAM time. With recent advances in com- 
puting, that situation has now changed, and scatterome- 
ters are now available which provide acceptable MAM 
time. 

[° 011 ] Scatterometers differ in light sources, scattering condi- 
tions, and method for analyzing the return signal coming 
back from the target. Scatterometers are available for use 
with simple line grating targets to determine critical di- 
mensions such as structure bottom width, structure side- 
wall angle, and structure height. Given future advances in 
computing, it is expected that scatterometry will be able 
to analyze light scattered off of arrays of more compli- 
cated structures such as contact holes and in-chip peri- 
odic structures. 

[0012] Scatterometry offers several advantages over CDSEM for 

measurement of critical dimension features. Scatterometry 
measurements are performed at atmospheric pressure. 
Thus, scatterometry avoids the load and unload time of 
CDSEM tools for placing a wafer in a high vacuum for tak- 
ing measurements. In addition, because of the large size 
of the targets used in scatterometry, a single measure- 
ment inherently averages out line edge roughness and 
other random variations in the grating. As discussed 



above, in CDSEM several measurements must be per- 
formed to average out roughness in the sample. In addi- 
tion, the capital cost of a scatterometer is generally lower 
than a CDSEM tool. These advantages allow scatterometry 
to provide increased throughput and lower COO relative to 
CDSEM. 

[0013] unlike CDSEM, scatterometry techniques can detect mate- 
rials and structures buried beneath the wafer surface. An- 
other future application may be to use scatterometry for 
overlay metrology. 

[0014] Scatterometry provides other advantages. It is expected 
that new critical dimension metrics such as sidewall angle 
and structure height will become necessary. Such metrics 
can help to better measure printing and etching processes 
in nano-scale manufacturing, which processes are 
plagued by loss of fidelity between the intended feature 
shapes and those that actually result. Scatterometry pro- 
vides these new metrics. CDSEM does not provide such 
metrics. 

[0015] Another advantage of scatterometry systems is that they 
can be integrated into process equipment used for etch- 
ing and lithography. Some such process equipment tar- 
gets a throughput of 120 wafers per hour. Because of the 



long MAM time of CDSEM tools that require measurements 
to be performed in a high vacuum, a CDSEM tool cannot 
meet this performance objective. Accordingly, only optical 
measurement tools are considered in connection with 
such high throughput process equipment. 
[0016] a good scatterometry target mimics features of the oper- 
ational area of the sample, having elements that vary in 
proportion to the variation in the sample features due to 
the manufacturing process that is performed. A grating 
formed in a layer of an article to be measured, having 
lines of the same critical dimension as the features of the 
layer, provides a good scatterometry target. With such 
grating, variations in the manufacturing process cause the 
grating to change in the same way as the critical dimen- 
sion features. 

[0017] Scatterometry targets must be at least a certain size in or- 
der to provide a return signal having adequate signal- 
to-noise ratio. This is due to the following. Critical di- 
mension features are typically smaller than the wave- 
length of light used in scatterometry. In manufacturing 
semiconductor devices, lithography is used to define criti- 
cally dimensioned features at nominal widths of less than 
100 nm. On the other hand, available scatterometers use 



light having wavelengths greater than 200 nm. The situa- 
tion is even more challenging than inferred by these num- 
bers since the precision and accuracy of the critical di- 
mension measurement must be kept within a small frac- 
tion of the nominal measurement, e.g. to within about 2%. 
To achieve this level of measurement quality, the light 
must be scattered from many lines in the grating, for ex- 
ample 40 lines or more. The minimum number of lines 
determines the minimum acceptable grating size, and a 
minimum spot size for the light beam, as well. Additional 
constraints on the minimum grating size are imposed re- 
lating to the accuracy of directing the beam onto the grat- 
ing. 

[0018] on the other hand, the maximum size of the scatterome- 
try target is limited by the area available for such target 
on the wafer, as the scatterometry target must compete 
for wafer area with other targets used for other types of 
metrology systems. In summary, while there is incentive 
to make the grating of a scatterometry target as small as 
possible, the requirements for precision impose a mini- 
mum size. Today, no commercially available scatterometer 
can precisely measure key parameters of critical dimen- 
sion features with a grating smaller than 50 urn by 50 urn. 



[0019] An example of a grating used as a conventional scat- 

terometry target 10 is illustrated in FIG. 1. The grating 10 
consists of parallel-oriented lines 11, each having the 
same width 15 as the width of critical dimension lines in 
an operational area of a wafer, and a spacing 14 which is 
the same as the spacing between the critical dimension 
lines. In such target, the dimensions 12, 13 of the grating 
are about 50 urn on a side. 

[0020] Some types of prior art scatterometry systems are illus- 
trated in Figures 2A through 2C. Types of conventional 
scatterometry systems include normal incidence spectro- 
scopic reflectometry (FIG. 2A), spectroscopic ellipsometry 
(FIG. 2B), and two-theta fixed-wavelength ellipsometry 
(FIG. 2C). 

[0021] | n a normal incidence spectroscopic reflectometry system 
as shown in FIG. 2A, a broadband source 213 produces 
white light, having wavelengths between 200 nm and 800 
nm. The light is focused by a lens system 214 and passed 
through a beam splitter 215 as a spot onto the target 212 
of the sample 211. The return signal scattered off of the 
sample is then reflected by the beam splitter 215 and 
passed through further optics 216 onto a detector 217. 
The detector uses a prism or grating to separate the re- 



turn signal into its constituent wavelengths. As shown at 
218, reflectivity is then determined as a function of wave- 
length from the separated light. 

[0022] | n a spectroscopic ellipsometry system as shown in FIG. 
2B, the light from a white light source 223, having wave- 
lengths between 200 nm and 800 nm, is focused by a lens 
224 onto a grating 222 of a sample 221. The light is re- 
flected off of the grating 222 at a fixed angle of incidence 
and focused through a lens 225 onto a detector 226 hav- 
ing a prism or grating for separating the scattered light 
into its constituent wavelengths. The zeroth order 
diffracted light is then detected. The zeroth order light is 
that which scatters off at an angle that is equal to the an- 
gle of incidence. Rotating polarizers 228 and 229 are pro- 
vided in the incident beam and the scattered beam of the 
return signal, respectively. As shown at 227, changes in 
the degree to which the returned light has transverse 
electric (TE) and transverse magnetic (TM) polarization are 
recorded as a function of wavelength. 

[0023] with a two-theta fixed-wavelength ellipsometry system, 
as shown in FIG. 2C, a single wavelength of light from a 
source such as a helium-neon laser 233 is focused by a 
lens 234 onto a grating 232 of a sample 23 1. As in the 



system shown in FIG. 2B, the light is reflected off of the 
grating 232 at a fixed angle of incidence and focused 
through a lens 235 onto a detector 236 having a prism or 
grating for separating the return signal into its constituent 
wavelengths. As in that system, the zeroth order 
diffracted light is detected as a function of the angle of 
incidence. Again, rotating polarizers 239 and 240 are 
provided in the incident beam and the scattered beam of 
the return signal, respectively. During the course of a 
measurement the angle of incidence 238 and the scat- 
tered angle are kept equal and swept through a range of 
angles. As shown at 237, changes in the degree to which 
the returned light has transverse electric (TE) and trans- 
verse magnetic (TM) polarization are recorded as a func- 
tion of the angle of incidence. 
[0024] | n principle, when the geometry of the grating and the op- 
tical properties of the materials involved are known, the 
scattering properties of the electromagnetic radiation in- 
cident upon the sample can be determined by solving 
Maxwell's equations. That is, the return signal from the 
sample varies in certain expected ways. From the known 
geometry and optical properties, properties including the 
variation in reflectivity with wavelength, variation in polar- 



ization with wavelength, variation in polarization with an- 
gle of incidence can be determined. 

[0025] | n general, however, the inverse problem cannot be 

solved. That is, the geometry of the grating generally can- 
not be determined, even with knowledge of the scattering 
properties and the optical properties of the materials. 

[0026] with the inability to solve for the geometry of the grating, 
scatterometry systems rely instead upon the correlation of 
return signal characteristics with return signals obtained 
from simulations of samples having known characteristics. 
Such techniques operate as follows. An initial guess is 
made concerning the geometry of the grating to be mea- 
sured. The scattering properties of the grating are mea- 
sured, by which a return signal is measured in terms of 
spectra. The difference between the calculated and mea- 
sured spectra is then determined. The difference is used 
to make a better guess as to the actual geometry. To de- 
cide whether the new guess is better than the first, a Chi- 
square sum of least squares quantity is calculated. The 
Chi-square quantity is the sum of squares of all the dif- 
ferences in spectra between the return signal and that cal- 
culated signal, over all wavelengths or angles of inci- 
dence. The smaller the Chi-square quantity, the closer the 



fit is between the measured return signal and the calcu- 
lated signal. 

[0027] one problem with the Chi-square sum of least squares 
approach is the local minima problem. The Chi-square 
quantity is a function of many parameters, all of which are 
allowed to vary in the geometry model. Thus, varying pa- 
rameters of the model to search for the true minimum 
Chi-square value could lead to a local minimum in the 
multi-parameter Chi-square surface, rather than the true 
minimum corresponding to the true geometry. 

[0028] a common way of overcoming the local minima problem 
to determine the true geometry is to search the whole pa- 
rameter space in fine steps using a library based ap- 
proach. With experience and some supporting metrology, 
a model of the grating is determined which includes those 
dimensions that can vary when the instrument is used. 

[0029] FIG. 3 illustrates an example of a model for measuring 

such grating geometry. The model represents a sample to 
be measured having recurring resist patterns 30 of trape- 
zoidal cross-section. The resist patterns are disposed 
over an unpatterned anti-reflective coating (ARC) layer 31, 
which in turn is disposed over other unpatterned under- 
layers 32 through 37 of various materials and thicknesses. 



Some of these thicknesses may need to be variable 
(floating) in the model description from which a library of 
spectra signatures is derived. It is known from experience 
that the height 25, sidewall angle 26, and bottom width 
27 of the recurring trapezoidal patterns can change de- 
pending on lithography process conditions. Therefore, 
these properties are allowed to vary. Accordingly, the 
scattering spectra must be calculated for every possible 
value of these properties. Assuming that the bottom width 
27 can vary between any value from 21 nm to 100 nm in 
one nm steps (chosen because of our accuracy and preci- 
sion requirements), then there is a total of 80 different 
values for bottom width. Similarly, the sidewall angle 26 
can be allowed to vary in one degree steps between 85 
and 94 degrees for a total of 10 different angle values. In 
addition, the height 25 is allowed to vary in one nm steps 
between 151 nm to 250 nm for a total of 100 different 
height values. All combinations are calculated for a total 
of 80,000 spectral signatures. This is while assuming that 
the thickness of any underlayer remains constant, when in 
fact it may vary, and affect the measurements that are 
made. Thus, if underlayer variation is to be considered, an 
even greater number of spectral signatures must be cal- 



culated. In such manner, the spectral signatures of a geo- 
metric model library are determined and stored. At mea- 
surement time, the measured spectra are compared to the 
libraried spectra by a Chi-square approach to determine 
the best fit. The geometric properties of the model having 
the smallest Chi-square quantity are then selected as the 
best fit. 

[0030] a variation on the library-based solver is to use a coarse 
library having large step sizes for the floating parameters 
to determine an approximate solution. This solution is as- 
sumed to be near the true minimum on the Chi-square 
surface. Therefore, mathematical techniques can be em- 
ployed to "linearize" the problem and regress to the true 
minimum. In scatterometry systems, both techniques are 
desirably used to reduce the quantity of calculations that 
are required. 

[0031] Unfortunately, the relatively large size of the scatterome- 
try grating (50 pirn) introduces additional lithographic 
printing problems or constraints, compared to the print- 
ing of the critical dimension element of the chip, which 
has a size typically smaller than one urn. Pattern collapse 
is a condition in which photoresist lines fall over, for ex- 
ample. Pattern collapse can occur in such large targets, 



making them unusable, even when the in-chip element 
has printed acceptably. Pattern collapse radically changes 
the geometry in unpredictable ways, making scatterome- 
try results unreliable. 

[0032] Therefore, it is highly desirable for the lines of the grating 
to remain standing whenever the printed element of the 
chip is standing so that scatterometry measurements 
track the properties of the printed element. In other 
words, the grating should be as robust as or better than 
the critical dimension printed element. 

[0033] Pattern collapse is not unique to targets used in scat- 
terometry. There are other situations where pattern col- 
lapse occurs. In the development of lithography pro- 
cesses, it is frequently necessary to cross section wafers 
by cleaving. Because the cleave crack can wander, target 
patterns have been designed into test reticles having ar- 
rays of long lines to improve the chance that the cleave 
crack will run through the lines. 

[0034] As shown in FIGS. 4 and 5, to help avoid pattern collapse, 
some target patterns include bridges 20 (FIG. 4) or gaps 
22 (FIG. 5). As long as the cleave crack runs through the 
lines 21 and not the bridges 20 or gaps 22, a suitable 
cross section is obtained. However, if the cleave crack in- 



tercepts the bridge or travels along the gaps, the cross 
section fails. For this reason these alterations of the sim- 
ple line array are placed sparingly to make such intercep- 
tions improbable. Sometimes the alterations are placed 
along non-orthogonal directions, as shown in FIG. 5, so 
that even if the cleave crack intercepts one of the alter- 
ations, there will be other valid structures to measure. For 
taking the cross section, as long as the alterations do not 
interfere with the cross section measurement site, there is 
no measurement impact from these alterations. 
[0035] while such alterations are suitable for patterns used to 
measure cleaved cross section sites, such as in scanning 
electron microscopy (SEM), it is quite another thing to ap- 
ply such bridges and gaps to scatterometry gratings. 
Given the nature of the scatterometry measurement where 
scattered light from all structures within the probe beam 
spot contributes to the measurement, these pattern rein- 
forcements would be expected to alter the spectra and 
also the measurement derived therefrom. In addition, the 
state of scatterometry modeling today only permits simple 
gratings to be modeled. Accordingly, heretofore, there 
has been no way to include such alterations in a scat- 
terometry target in a way which permits a model to accu- 



rately represent them. 

[0036] Accordingly, it would be desirable to provide a scatterom- 
etry target that mimics the behavior of critical dimensions 
of in-chip circuit elements, while having patterns that 
avoid collapsing. Such scatterometry target must also 
have good scattering properties for scatterometry mea- 
surement and analysis. 

[0037] | t would further be desirable to provide a scatterometry 

target having features that change more than the critical 

dimension features of the in-chip circuit elements due to 

manufacturing process variation. With such scatterometry 

target, pattern collapse is avoided while a scatterometry 

measurement is provided having a greater sensitivity to 

manufacturing process variation than the in-chip circuit 

element. 
Summary of Invention 

[0038] According to an aspect of the invention, a scatterometry 
target is provided having a plurality of parallel elongated 
features, each having a length in a lengthwise direction. A 
plurality of stress-relief features are disposed at a plural- 
ity of positions along the length of each elongated fea- 
ture. 

[0039] According to a preferred aspect of the invention, the 



stress-relief features of the scatterometry target grating 
are provided in the form of bridges between the lines to 
prevent collapse of the lines. 

[0040] According to another preferred aspect of the invention, 

the stress-relief features of the scatterometry target grat- 
ing are provided in the form of gaps in the lines. 

[0041] According to another aspect of the invention, a scat- 
terometry target is provided which includes a plurality of 
parallel elongated features each having a length in a 
lengthwise direction. Each of the elongated features have 
jogs disposed at a plurality of locations along the length, 
the jogs causing the scatterometry target to produce a re- 
turn signal which is sensitive to photolithographic process 
conditions. 

[0042] According to a preferred aspect of the invention, such 
scatterometry target having jogs is sensitive to defocus 
and dose. 

[0043] According to another aspect of the invention, a method is 
provided for monitoring photolithographic process. The 
method includes providing a first scatterometry target 
having a plurality of parallel elongated features, each such 
feature having a length in a lengthwise direction and a 
plurality of stress-relief features disposed at a plurality of 



positions along the length of each such elongated feature. 
The method includes illuminating the first scatterometry 
target, detecting a return signal from the first scatterome- 
try target, and comparing the return signal to signals of a 
library of stored signals to determine a match. The pho- 
tolithographic process is monitored based on the match 
that is determined. 

[0044] According to a further preferred aspect of the invention, 
gaps in the lines of the scatterometry target are provided 
so that the lines are shorter than the threshold length at 
which line collapse will occur. 

[0045] According to another preferred aspect of the invention, 
gaps in the lines and bridges between the lines of the 
scatterometry target are provided in equal measure of op- 
tical volume as to avoid line collapse and to produce can- 
cellation of the effects of these alterations on the scat- 
terometry measurement. 

[0046] According to another preferred aspect of the present in- 
vention, jogs are introduced in the grating pattern thereby 
avoiding line collapse and producing no net alteration of 
the scatterometry measurement. 

[0047] According to yet another aspect of the invention, bridges, 
gaps, and jogs are introduced in the grating pattern to a 



high degree, thereby avoiding line collapse and providing 
a target with properties exhibiting greater sensitivity to 
manufacturing process change than in-chip critical di- 
mensions of circuit elements. 
[0048] According to yet another preferred aspect of the inven- 
tion, the scatterometry targets of the present invention 
are calibrated when necessary so that a correction formula 
is provided to conventional scatterometry analysis to ac- 
count for the presence of bridges and/or gaps and/or 

jogs in the target. 
Brief Description of Drawings 

[0049] FIG. 1 illustrates a conventional scatterometry grating tar- 
get. 

[0050] FIGS. 2A through 2C are block diagrams illustrating types 
of conventional scatterometry systems. 

[0051] FIG. 3 is a cross-sectional view illustrating a scatterometry 
target model based on a patterned photoresist layer over- 
lying a plurality of underlayers 30. 

[0052] FIG. 4 illustrates a plan view of a prior art grating provided 
for CDSEM, the grating being designed for cleaving across 
lines thereof. 

[0053] FIG. 5 is a plan view of a prior art CDSEM grating target 
having a plurality of gaps disposed in a non-orthogonal 



direction to the lines of the grating. 

[0054] FIG. 6 is a plan view of a scatterometry grating according 
to an embodiment of the invention in which a plurality of 
gaps are provided in the lines of the grating to protect 
against pattern collapse. 

[0055] FIG. 7 is a plan view of a scatterometry grating according 
to an embodiment of the invention in which a plurality of 
bridges fortify the lines of the grating against collapse. 

[0056] FIG. 8 is a plan view of a scatterometry grating according 
to an embodiment of the invention in which a plurality of 
both bridges and gaps fortify the lines of the grating 
against collapse. 

[0057] FIG. 9 is a plan view of a scatterometry grating according 
to an embodiment of the invention in which a plurality of 
jogs fortify the lines of the grating against collapse. 

[0058] FIG. 10 is a plan view of a scatterometry grating according 
to an embodiment of the invention in which a multiplicity 
of jogs at short intervals are provided, such jogs causing 
the grating to be a sensitive monitor of lithography pro- 
cess conditions. 
Detailed Description 

[0059] According to embodiments of the invention, scatterometry 
target gratings are provided having a plurality of parallel 



elongated lines extending in a lengthwise direction. The 
lines of the grating are fortified against pattern collapse 
by stress relief features. The stress-relief features protect 
the grating against the lateral stresses that act upon the 
lines of the gratings. Examples of such stress relief fea- 
tures are gaps, i.e., breaks, and/or jogs in the lines of the 
grating. Another type of stress-relief feature which can be 
used are bridges provided between lines of the grating. 
The bridges connect at least adjacent pairs of the elon- 
gated lines in a direction that is transverse to the length- 
wise direction of the lines. In a preferred embodiment, the 
bridges run across the grating in the transverse direction, 
connecting a multiplicity of the lines. 

[0060] | n a preferred embodiment, both gaps and bridges are 
provided having equal optical volume such that the gaps 
and bridges compensate for the other, leaving the scat- 
terometry solution unaffected. Optical volume is defined 
as the volume of a structure, determined by its geometry, 
multiplied times the index of refraction of the material 
within the volume. 

[0061] FIG. 6 illustrates an embodiment of a scatterometry target 
40 which is preferably patterned in a photoresist 
(hereinafter, "resist") layer of a sample such as a wafer, 



the target 40 being a grating having a plurality of parallel 
elongated lines 48, each of the lines 48 having a length- 
wise direction and a length 41 extending in the lengthwise 
direction. A plurality of gaps 47 are provided at intervals 
of the lines. The lines 48 are patterned to mimic features 
of the sample, having a width 43 the same as the width of 
line features of the sample, and a pitch 42 of the lines 48 
being the same as the pitch of line features of the sample. 
Thus, when the line features of the sample are patterned 
having a critical dimension width, the lines 48 of the grat- 
ing 40 have width 43 at the same critical dimension. In a 
preferred embodiment, the ratio of the length to the width 
of the lines is quite large, thus necessitating the gaps for 
stress relief. For example, the width of the lines for a rep- 
resentative current technology is a value between about 
one half and twice a critical dimension of 100 nm, i.e. be- 
tween about 50 nm and 200 nm, while a typical length of 
the lines is about 50 urn. Thus, the ratio of length to 
width is greater than 50 in this example, and is approxi- 
mately 500. Each gap 47 has a length L 46. Gaps 47 are 

G 

provided at periodic intervals 45 of the lines 48. The total 
width of the grating is indicated at 44. 
[0062] The gaps 47 fortify the grating 40 against line collapse in 



the following way. When resist patterns are developed fol- 
lowing a photolithographic exposure, surface tension of 
the developer liquid can tug on the patterns, causing 
them to fall over when the developer liquid is removed. 
The problem occurs especially when the developer liquid 
has already been removed from the space to one side of a 
line. The gaps 47 interfere with this mechanism, perhaps 
by channeling the developer liquid safely from between 
the lines to the edges of the grating and providing for 
more uniform removal of the liquid. 
[0063] FIG. 7 illustrates another embodiment of a scatterometry 
target 50, preferably patterned in a resist layer of a sam- 
ple such as a wafer. The dimensions of the grating are in- 
dicated at 51 and 52. The target 50 is a grating having a 
plurality of parallel elongated lines 57 having a lengthwise 
direction and a length 51 in the lengthwise direction. The 
lines 57 are patterned to mimic features of the sample, 
having a width 54 being the same as the width of line fea- 
tures of the sample, and a spacing 53 between the lines 
which is the same as the spacing between the line fea- 
tures of the sample. A plurality of connecting features are 
provided as bridges 58 which connect together at least 
adjacent pairs of lines. In a preferred embodiment, the 



bridges extend to a connect a multiplicity of the lines. The 
bridges extend in a direction transverse to the lengthwise 
direction of the lines 57, each bridge 58 having a length L 

E 

equal to the spacing 53 between the lines 57. Each bridge 
58 further has a width 56. The bridges are disposed at a 
plurality of positions along the length 51 of each line, 
preferably at periodic intervals 55 of the lines 57. 

[0064] jo preserve reproducibility of scatterometry measure- 
ments, the gaps and/or bridges in the scatterometry grat- 
ing must be located either entirely within the illuminated 
area or outside the area that is illuminated by the light 
beam of the scatterometer. For example, when the grating 
has length of 50 urn, a beam has an effective spot size of 
40 pirn, and a scatterometry placement accuracy of 5 urn 
is achieved, the grating should not have breaks or bridges 
located within 10 urn of the ends of the grating 40 to 
avoid impacting the measurements. However, in such ex- 
ample, bridges provided at the very ends of the grating 
40, which thus lie outside the illuminated area and do not 
adversely affect results. 

[0065] Commercially available scatterometry systems operate 
with zeroth order diffracted light. For this reason it does 
not matter whether alterations (gaps or bridges) made to 



the simple grating are arranged randomly or systemati- 
cally. Therefore, the scatterometry targets according to 
the embodiments shown in FIGS. 6, 7 all have regularly 
spaced gaps and/or bridges, since such gaps and bridges 
are more easily designed. 

[0066] However, should the system be designed to work only 

with higher order diffracted light based on the grating pe- 
riodicity, there is an additional method to that which is 
discussed next to reduce the effect of the gaps and/or 
bridges on the scatterometry measurement. By distribut- 
ing such alterations to the grating randomly throughout 
the grating or with a period different from the grating pe- 
riod, the light scattered by the alterations will not diffract 
coherently into the detected orders and so will not affect 
the detected signal. The effect of introducing bridges 
and/or gaps to the simple grating on scatterometry mea- 
surements can be best understood from the following. 

[0067] As described as background above, scatterometry systems 
determine the geometry of a sample grating by finding 
the libraried model spectra that has the lowest Chi-square 
quantity. The part of the system that determines such so- 
lution is called the solver. Commercially available scat- 
terometry solvers share certain features in common. In 



particular, the interference between light scattered off of 
the tops of the lines and off of the substrate is a promi- 
nent signature in the spectra for all the commercially 
available systems. From such signature, the height of the 
line structure can be accurately determined. Another fea- 
ture of scatterometry solver operation is known as con- 
stant optical volume approximation. 
[0068] when the solver is constrained to seek a solution within a 
particular scatterometry model, to first approximation a 
solution will be chosen having the same optical volume as 
the actual optical volume of the grating. Since the scat- 
terometry model does not include bridges or gaps, the 
presence of these structures will cause the solver to seek 
a solution in which change in the optical volume is com- 
pensated by changing the line width of the model struc- 
ture. In other words, the solver responds to the addition 
of these alterations by finding a simple grating solution 
having the same overall optical volume. In the application 
of this approximation to this invention, the optical volume 
can be replaced by the actual volume determined by the 
geometry of the grating. All embodiments involve adding 
or subtracting material having the same index of refrac- 
tion as the material in which the lines of the grating are 



defined. 

[0069] From the foregoing, a simple rule emerges. The fractional 
change in line width reported by scatterometry upon in- 
troducing these alterations is equal to the true fractional 
change in the line structure volume of the grating. For ex- 
ample, when a number N of bridges are provided in the 

B 

grating, each having line width W , height H and length L 

B B 

, the total volume of the bridges is given by 
[0070] Volume = N W H L 

B B B B B 

[0071] w hile the volume of the lines of the original grating with- 
out the bridges is given by 
[OO 72 ] Volume= NWHL 

[0073] where N is the number of grating lines, W is the line width 
of the lines, H is the height of the lines, and L is the 
length of the lines. The fractional change in line width 
critical dimension reported by scatterometry is then given 
by 

[0074] ACD/CD=Volume B /Volume. Eqn. 1 

[0075] | n deriving this equation and others, the assumption is 
made that these changes to the measurement are small 
compared to the unfortified grating measurement, i.e., 
less than 10%, so that only leading order terms are kept in 



expansions. In the case of gaps, the change in line critical 
dimension will be negative and given by 
[0076] ACD/CD =-Volume c /Volume Eqn. 2 

[0077] where the gap volume is given by metrics similar to those 

defined for bridges, 
[0078] j. e : volume = N WHL 

G G G 

[0079] where N is the number of gaps in the grating and L is 

G G 

the length of each gap. In general, the gap width and the 
gap height are the same as the lines of the grating be- 
cause the gap volume is meant to measure the volume of 
missing grating line segments. In a case in which both 
bridges and gaps are provided, the change in critical di- 
mension reported by scatterometry is given by 
[0080] ACD/CD =(Volume -Volume )/Volume Eqn. 3 

B G 

[0081] This last formula says that if equal optical volumes of 
bridges and gaps are introduced into the grating then 
there will be no net change in line width reported by scat- 
terometry. There are multiple ways of achieving this 
equality depending on the N, W, H, and L for each feature 
type. 

[0082] An example of this principle is illustrated in FIG. 8. An- 
other embodiment of a scatterometry target 100 is shown 



in FIG. 8 in which the target 100, being a grating, has a 
plurality of parallel elongated lines 60 patterned in a pho- 
toresist layer, the lines having a lengthwise direction and 
length 61 extending in the lengthwise direction. Gaps 70 
are provided in the lines at periodic intervals 65. The lines 
60 are patterned to mimic features of the sample, having 
a width 64, being the same as the width of line features of 
the sample, and a pitch 63 of the lines which is the same 
as the pitch of line features of the sample. In addition, one 
or more bridges 69 are provided having a width 67 and 
are provided at periodic intervals 67 of the lines. The 
width of the grating is indicated at 62. 
[0083] Ljke the embodiments shown in FIGS. 6 and 7, in the em- 
bodiment shown in FIG. 8 gaps and bridges are provided 
which help to prevent pattern collapse. However, an addi- 
tional benefit is realized here. Ideally, the total optical 
volumes of the gaps are the same as the total optical vol- 
ume of the bridges, such that the constant offset ex- 
pressed by Eqn. 3 is equal to zero. However, a process 
dependent offset as expressed by Eqn. 8 below will still be 
present. 

[0084] | t j S desirable not to require corrections to be made to the 
scatterometry measurement to determine the true line 



width. One version of the gauge maker's rule is that mea- 
surement uncertainty associated with the measurement 
system should be less than 2% of the nominal measure- 
ment. As an example, a grating having a space width of 
700 nm and grating size of 50 urn has bridges for rein- 
forcing the grating, where the bridge widths are equal to 
the line widths. The heights of the lines and the bridges 
are nominally equal. To satisfy this rule, then the number 
of bridges in the grating must satisfy 

[0085] 2 % > (N L )/(NL) 

B B 

[0086] This, in turn, reduces to N /N < 1.4. 

B 

[0087] | n this case, only one bridge per grating line is permitted. 
On the other hand, if the grating space width were 100 
nm, then this ratio becomes 

[0088] N /N < 10 
B 

[0089] which is much less restrictive. The more severe constraint 
for the large space width (also large pitch) is not a signifi- 
cant limitation of the present invention because pattern 
collapse is less a problem for large space width gratings. 

[0090] As another example, consider a grating using gaps to 
prevent line collapse. In this case to satisfy the rule the 
following condition derived from Eqn. 2 must hold: 



[0091] 2% > (N L )/(NL). 

G G 

[0092] |f the gap length L is 200 nm and the grating length is 50 

G 

urn, then 

[0093] N /N < 5. 
G 

[0094] on the other hand, if the gap length is reduced to 50 nm, 
then 

[0095] N /N < 20. 
G 

[0096] | n addition to a constant offset being introduced into the 
scatterometry measurement by the alteration, there can 
be process dependent offset changes which can introduce 
additional constraints on the number of allowed alter- 
ations to the grating. In particular, the requirement that 
the modified grating remains a good mimic of the critical 
dimension structure in the in-chip circuit element must be 
accommodated. In this context, mimic means that the 
scatterometry measurement changes in the same way to 
the degree of the measurement precision and accuracy 
requirement as the in-chip critical dimension as a result 
of manufacturing process variation. Phenomena such as 
line end shortening and corner rounding change by a 
greater degree than the bottom line width in response to 
lithography tool defocus. More generally, the ends of 



lines, either at gaps or at the intersection of bridge line 
and grating line, change more than the typical critical di- 
mension, the bottom line width. Line ends can shorten at 
a rate approximately several times the rate that bottom 
line width shrinks. This implies that the length of gaps will 
grow at a rate many times the rate that bottom line width 
shrinks. Consider a process variation that changes the 
width of the grating line by 5W and because of line end 
shortening there is a change in the gap length by 5l_ c . 
This discussion implies that 5L =-f 8W where f is some 

K C G G 

process dependent factor possibly as large as 10. Using 
Eqn. 2 these changes produce a change in the line width 
critical dimension reported by scatterometry 8CD given by 
[0097] 5cd = 8W - (V /V)W(8L /L ). Eqn. 4 

G G G 

[0098] upon using the definitions for V and V and the suggested 

relationship between 5L and 5W this reduces to 
K G 

[0099] 5CD = 5W{1 + f (N /N)(W/L)}. Eqn. 5 

G G 

[0100] Another variation of the gauge maker"s rule is the follow- 
ing: the measurement uncertainty (precision and accuracy) 
associated with the measuring system should be less than 
20% of the allowed range of variation (process window). If 
5W represents this allowed range, then the quantity f (N / 



N)(W/L) should be designed to be less than 20%. For ex- 
ample, if the design width of the grating line W is 100 nm, 
L is 50 pirn and f c =10 then 

[0101] N /N < 10. 
G 

[0102] Bridges introduce qualitatively similar considerations since 
at the intersection of the bridge line and the grating line, 
the lithographic printing behavior of this geometry can be 
very different from the long grating line. The resulting 
condition on the number of bridges becomes 

[0103] 5cd = 8W + (8V /V)W Eqn. 6 

B 

[0104] where 5V represents the change in bridge volume due to 

B 

process variation. This takes the form of corner rounding 
at the intersection. The following equation formally ex- 
presses the effect in term of the process factor f for 
bridges: 

[0105] 5CD = 6W{1 + f (N /N)(W/L)}. Eqn. 7 

B B 

[0106] | n the situation where both gaps and bridges are intro- 
duced into the grating the process dependent offset 
would be given by 

[0107] 5cd = 8W{1 +( f (N /N)+ f (N /N))(W/L)}. Eqn. 8 

G G B B 

[0108] Since a typical bridge has a significantly greater volume 

than a typical gap, the constant offset constraint as calcu- 



lated by Eqn.l will generally dominate over the process 
dependent offset constraint imposed by Eqn. 7. For gaps, 
the constraint imposed by process dependent offset as 
calculated by Eqn. 5 generally dominates over the con- 
straint imposed by the constant offset as calculated by 
Eqn. 2. 

[0109] | n another embodiment, illustrated in FIG. 9, a scatterom- 
etry target 80 is provided in which the target, being a 
grating, has a plurality of parallel lines 76. Jogs 77 are 
provided in the lines at periodic intervals 75. The lines 76 
are patterned to mimic features of the sample, having a 
width 74, being the same as the width of line features of 
the sample, and a pitch 73 of the lines which is the same 
as the pitch of line features of the sample. The dimen- 
sions of the grating are indicated at 71 and 72. When jogs 
76 are provided, as shown in FIG. 9, rather than breaks or 
bridges, there is no net change in optical volume from the 
simple grating, so no change in line width reported by 
scatterometry is expected. 

[0110] | n a particular embodiment, at each jog the grating lines 
are displaced by half the period of the grating. By design, 
there is no net change in the optical volume of the grating 
lines so no constant offset in scatterometry measurement 



occurs. However, there are now line ends within the grat- 
ing so a process dependent offset will be present. Follow- 
ing the above derivations for a case in which gaps are 
provided, the following equation expresses the process 
dependent offset for jogs as 
[0111] 5CD = 8W{1 + f (N /N)(W/L)} Eqn. 9 

[0112] where f is the process factor characterizing the line end 
shortening effect due to lithography process variation and 
Nj is the number of jogs introduced into the grating. 

[0113] Accounting for the reduction in optical volume due to line 
end shortening at the jogs, and following the analysis 
above regarding gaps and/or bridges in the grating, a 
suitable scatterometry measurement is obtained so long 
as 

[0114] f (N /N)(W/L) < 2% 

[0115] where is the number of jogs per a line of length L and N 
is the number of lines of the grating having length L and 
width W. 

[0116] The process factors f , f , and f are difficult to calculate. 

G B J 

In addition, while there is a range of process variation 
over which the factors are constant, having a linear rela- 
tionship between the change in bottom line width and the 



change in line ends or the change in corner rounding, the 
range is difficult to calculate. Therefore, conservative esti- 
mates for these process factors have been used to deter- 
mine the domain of alteration sizes the are not expected 
to affect the scatterometry measurement. However, if the 
above algorithms are to be extended to alterations having 
greater optical volumes, the scatterometry system needs 
to be calibrated, both for the instrument and the target. 
17 ] The calibration process is straightforward. However, it 
adds to the expense of using scatterometry (COO). Wafer 
samples or artifacts are produced for which manufactur- 
ing process variations are deliberately forced, the samples 
having scatterometry targets thereon. The scatterometry 
targets are measured by a reference measurement system 
such as any of the above systems, e.g., CDSEM, CDAFM, 
etc. Correlation analysis is then performed on the data 
thus obtained, and scatterometry measurements are taken 
from the same targets. The correlation analysis deter- 
mines the correction formula to be applied to the raw 
scatterometry measurement to produce the corrected crit- 
ical dimension measurement. This exercise is expected to 
confirm an acceptable range of linear behavior as constant 
process factors, a correlation slope 3 and an intercept a. 



The corrected critical dimension CD is then derived from 

c 

the critical dimension measurement CD obtained by scat- 
terometry according to the formula 
[0118] CD c =3CD + oc. 

[0119] up to this point, the discussion has been focused on de- 
termining a scatterometry target that eliminates pattern 
collapse while preserving the target as a good mimic of 
critical dimension elements of a chip. This has led to con- 
straints on the optical volume of the alterations including 
the number of such alterations in the grating. 

[0120] The same equations derived for that purpose can be used 
for a very different purpose. Equations 5-9 estimate the 
magnitude of the process sensitive offset introduced by 
the alterations. Accordingly, the equations detailed above 
determine the conditions under which scatterometry tar- 
gets can be constructed as monitors which are sensitive to 
manufacturing process variations. 

[0121] FIG. 10 illustrates an embodiment of a scatterometry grat- 
ing target 1000 according to the invention which has a 
high degree of jog alteration for the purpose of monitor- 
ing lithography process. As shown in FIG. 10, the overall 
size of the grating 1000 is defined by the dimensions 
1001 and 1002. A portion 1005 of the grating is shown in 



greater detail where the grating period is defined by the 
pitch 1004 and the jog period is defined by feature 1003. 
[0122] jo construct such sensitive manufacturing process moni- 
tors, the offsets detailed in equations 7 through 9 should 
be very large. For example, in the case of gaps, designing 
the target such that the relation 

[0123] f ( N /N)(W/L) > 1 

G G 

[0124] makes the scatterometry measurement more sensitive to 
line end shortening variation than to CD variation. For ex- 
ample, when f is estimated to have a value of four, rather 

G 

than a conservative estimate of two, a width of the grating 
line W=100 nm, and L=50 urn, then this inequality implies 

[0125] N /N > 125. 
G 

[0126] This implies that having gaps spaced more closely than 
every 400 nm will achieve the design goal. Since line end 
shortening has been used in other conceptual target de- 
signs as effective lithography defocus monitors (for ex- 
ample, OCD), this allows scatterometry to provide an al- 
ternative method to monitor photolithographic defocus. 
The same result obtains when jogs are considered be- 
cause the process dependent offset for jogs is also gov- 
erned by line end shortening. In this case the necessary 



condition becomes 
[° 127 ] f (N /N)(W/L) > 1. Eqn. 10 

[0128] | n a preferred embodiment of a scatterometry target used 
as a lithography process monitor, two gratings are pro- 
vided. One is a grating with jogs spaced closer than every 
400 nm, or having different values of the grating dimen- 
sions, whichever satisfies Eqn. 10. The second grating is a 
similar grating but is simpler, having no alterations, or 
having only sufficient alterations to prevent pattern col- 
lapse. Using jogs produces a design with no net change in 
optical volume between the two gratings so the two scat- 
terometry measurements at optimum printing conditions 
are equal. Since CD variation and line end shortening be- 
have differently as a function of lithography dose and de- 
focus, then these two scatterometry measurements can be 
used to determine the actual lithography dose and defo- 
cus printing conditions. 

[° 129 ] In a preferred embodiment, the lines of the target 1000 
are set to the critical dimension of the features of the 
sample and the interval length between jogs of the target 
1000 is less than about ten times the critical dimension. 
More preferably, the interval length between jogs of the 
target 1000 is set to four times the critical dimension. 



[0130] As with other process monitors, use of scatterometry for 
lithography process monitoring requires a calibration ex- 
ercise that is different from a CD calibration exercise. A 
wafer artifact is constructed by intentionally varying the 
lithography focus F and dose D conditions from one 
printed field to the next in a focus exposure matrix pat- 
tern (hereinafter "FEM"). Scatterometry measurements are 
then taken in all printed fields on the two gratings. Let CD^ 
and CD 2 be the two scatterometry measurements from the 
two gratings. Then these two quantities are different 
functions of F and D: 

[0131] CD = f (F,D) 

1 l 

[0132] CD = f ( F D ) 

2 2 ' 

[0133] Typically, the functional dependence on dose is linear to 
good approximation, while the functional dependence on 
focus is quadratic with a minimum or maximum value at 
the best focus condition F q . These equations can then be 
written in the following form: 

[0134] CD =a + a D + a (F-F0) 2 Eqn. 11 

10 1 2 M 

[0135] CD = b + bD + b (F-F0) 2 E qn. 12 

2 0 1 2 M 

[0136] where estimates for coefficients a , a , a , b , b , b can 

0 1 2 0 1 2 

be determined by nonlinear multi-variable regression. 



[0137] 
[0138] 
[0139] 



[0140] 



[0141] 



These two equations can generally be solved to produce 
two new equations thereby completing the calibration ex- 
ercise: 



Future scatterometry measurements can then use these 
functions g i and to report the lithography conditions of 
focus and dose. In the particular example, given Eqns. 11 
and 12, and solving for F and D, these equations become 



While the invention has been described in accordance with 
certain preferred embodiments thereof, those skilled in 
the art will understand the many modifications and en- 
hancements which can be made thereto without departing 
from the true scope and spirit of the invention, which is 
limited only by the claims appended below. 
What is claimed is: 




